Using energy efficiently and reducing environmental pollution caused by energy consumption are becoming increasingly important. In this study, a two-dimensional (2D) solid oxide fuel cell (SOFC) stack configuration was designed to be operated with six cells. This design could potentially be applied in thermal power plants in developing countries where waste heat is more plentiful; the 2D configuration six-cell stack could be an elementary module, and such modules could be more easily placed in contact with hot walls where waste heat recovery is required. In this report, the design, fabrication, and performance evaluation of the stack are described. The stack, with six 6 × 6 cm 2 cells (5 × 5 cm 2 effective area), is connected in series and operates successfully. The results show that the maximum potential of the six-cell stack is around 5.5 V (0.92 V per unit cell) at 700 • C. The maximum output power of the stack is 6.0 W at 700 • C, with humidified hydrogen (with 3% H 2 O) as the fuel. The results show that the six-cell 2D configuration SOFC stack can be innovatively constructed.
Introduction
The main advantages of power production through solid oxide fuel cells (SOFCs) are high energy conversion, non-combustion, and the fact that they can use a variety of fuels. It has emerged as a technology capable of producing clean, reliable, and flexible power. The combined advantages of electrical and waste heat makes the study of SOFC more attractive than that of other fuel cells such as proton exchange membrane fuel cell (PEMFC), phosphoric acid fuel cell (PAFC), and molten carbonate fuel cell (MCFC). Therefore, anode-supported SOFCs are a promising technology for energy generation systems [1] [2] [3] . In a typical planar SOFC, cells are interconnected in series to obtain a higher stack power output. Different systems feed the fuel and oxidant onto the two sides of the cells in the stack. The SOFC stack can be divided into several types: external manifold [4] , internal-manifold [5] , disk model [6] , and envelope model [7] . Performance degradation is caused by the unequal supply of fuel and oxidant, which results in variations in each cell's flow condition, affecting the isothermal temperature distribution throughout the stack [8] .
A fuel cell system is usually a combination of a number of single cells. This combination of single fuel cells is called a fuel cell stack, which supplies higher potential or power. Although a variety of fuel cell stacks have different materials, sizes, shapes, and power ranges, the methods used to connect single cells into a stack can mainly be classified as bipolar and planar models [9] . The conventional configuration of SOFC stacks is the bipolar model, where two adjacent single cells use one bipolar plate that distributes fuel for one cell's anode and air for the other's cathode, and also acts as the current collector [10] . The SOFC stack with bipolar design has lower internal resistance and higher power density. However, the conventional design (3D) has a complicated structure and higher material requirements, which restrict its applications. The stack design with a two-dimensional (2D) structure better integrates with applications. Anode-supported planar SOFCs, with a large active area, have been designed by employing various multi-cell arrays and compressive sealing systems. Four-and two-cell array systems, which are equivalent to 10 × 10 cm 2 unit cells in an active area, have been operated successfully [11] . Many researchers have been studying and improving the concept and application of the test hardware for this technology [12] [13] [14] .
Higher working temperatures enhance the performance of SOFC systems. The temperature distribution effects their performance [15] . Several researchers have indicated the effects of the inlet fuel and oxidant temperature on the power densities due to electrochemical reactions of carbon monoxide and hydrogen. The results showed that the output power at higher inlet temperaturs is greater than the output power at lower inlet temperatures [16, 17] . Currently, SOFCs are the highest-temperature fuel cells and can be efficiently operated at temperatures from 800 to 1100 • C. Many theoretical studies have mentioned SOFC systems and SOFCs combined with gas turbine (SOFC-GT) power cycles [18] [19] [20] [21] [22] .
In this study, the 2D configuration SOFC stack with six planar anode-supported cells was improved and tested. The stack with six 6 × 6 cm 2 cells (5 × 5 cm 2 effective area) was operated successfully. Cells are connected in series as a stack so the stack can generate a higher potential. This design has many advantages compared with the traditional design, such as: it is an original idea for SOFC, installation is simple, it is flexible enough to plate to a hard wall surface, and it has the ability to be applied in factories and power plants to reuse heat waste sources.
Materials and Methods

Anode-Supported Cell Fabrication
Commercial anode material (NiO/YSZ = 50 wt%/50 wt%, 42,421), anode functional material (NiO/YSZ = 30 wt%/70 wt%, 42,420), electrolyte material (8 mol% YSZ, 42,400), and LSM (La 0.65 Sr 0.3 MnO 3 ) material were used to manufacture SOFC unit cells. The commercial materials were purchased from ESL Electro-Science Co. Ltd., King of Prussia, PA, US. The cell includes three anode layers, each with a thickness of 180 µm, an anode functional layer with a thickness of 20 µm, an electrolyte layer with a thickness of 18 µm, and a cathode paste layer with a thickness of 25 µm. The four kinds of layers were stacked (cathode layer at the top, then the electrolyte layer, then the anode functional layer, and the anode layers at the bottom) [23] . The SOFC cells fabrication procedure is shown schematically in Figure 1 . acts as the current collector [10] . The SOFC stack with bipolar design has lower internal resistance and higher power density. However, the conventional design (3D) has a complicated structure and higher material requirements, which restrict its applications. The stack design with a two-dimensional (2D) structure better integrates with applications. Anode-supported planar SOFCs, with a large active area, have been designed by employing various multi-cell arrays and compressive sealing systems. Four-and two-cell array systems, which are equivalent to 10 × 10 cm unit cells in an active area, have been operated successfully [11] . Many researchers have been studying and improving the concept and application of the test hardware for this technology [12−14] . Higher working temperatures enhance the performance of SOFC systems. The temperature distribution effects their performance [15] . Several researchers have indicated the effects of the inlet fuel and oxidant temperature on the power densities due to electrochemical reactions of carbon monoxide and hydrogen. The results showed that the output power at higher inlet temperaturs is greater than the output power at lower inlet temperatures [16, 17] . Currently, SOFCs are the highest-temperature fuel cells and can be efficiently operated at temperatures from 800 to 1100 °C. Many theoretical studies have mentioned SOFC systems and SOFCs combined with gas turbine (SOFC-GT) power cycles [18] [19] [20] [21] [22] .
Materials and Methods
Anode-Supported Cell Fabrication
Commercial anode material (NiO/YSZ = 50 wt%/50 wt%, 42421), anode functional material (NiO/YSZ = 30 wt%/70 wt%, 42420), electrolyte material (8 mol% YSZ, 42400), and LSM (La0.65Sr0.3MnO3) material were used to manufacture SOFC unit cells. The commercial materials were purchased from ESL Electro-Science Co. Ltd., King of Prussia, PA, US. The cell includes three anode layers, each with a thickness of 180 µ m, an anode functional layer with a thickness of 20 µ m, an electrolyte layer with a thickness of 18 µ m, and a cathode paste layer with a thickness of 25 µ m. The four kin 
Manifold Design
Performance degradation is caused by the unequal distribution of fuel and oxidant, which results in variations in each cell's flow condition. To allow a fuel cell system to most effectively function, manifold devices must function to uniformly supply process gases to the entire process gas channels in a fuel cell stack. To provide the fuel to each cell in the stack, six pipes were connected to the manifold body, and the fuel was provided through the pipes from the manifold to each cell ( Figure 2 ). The manifold consisted of a 3 × 3 cm 2 square tube that was 14 cm long. The six pipes were cylindrical tubes with a diameters of 1 cm and a length of 8 cm. The manifold is not only a fuel provider but also a heat exchanger. The fuel flows into the manifold, which allows heat conversion to increase the temperature of the fuel inlet. Then, the higher temperature fuel moves to the cells through the six pipes. The working principle of the 2D configuration SOFC stack is shown in Figure 3 .
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The 2D stack was heated to 700 • C in the heating box with a heating rate of 1.0 • C/min. During the start-up heating, the 2D stack was supplied with mixed gases of nitrogen and hydrogen on the anode side and air on the cathode side. The flow rate of nitrogen and hydrogen were 900 mL/min, and 60 mL/min, respectively. The air flow rate was 1200 mL/min. When the temperature reached 700 • C, the hydrogen flow rate fed into the anode was 1200 mL/min (with 3% H 2 O), and the air flow rate fed into the cathode was 1500 mL/min. The current and voltage data of the stack were collected and saved by the SOFC testing machine. The assembly of six cells on a 2D configuration SOFC stack is shown in Figure 5 . The installation of the stack in the testing system is depicted in Figure 6 .
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Results and Discussion
The power generation of the 2D SOFC stack with six 6 × 6 cm 2 cells (5 × 5 cm 2 effective area) is presented in Figures 7 and 8 . The 2D stack was tested at 650 and 700 °C. At a flow rate of 900 mL/min of hydrogen and 1200 mL/min of air, the potentials of the six-cell stack were around 4.3 V and 4.6 V at 650 °C and 700 °C, respectively. This shows that the potentials of each unit cell were about 0.72 V and 0.77 V at 650 °C and 700 °C, respectively. The total output power of the stack was about 3.7 W at 650 °C and about 4.0 W at 700 °C (Figure 7 ). As shown in Figure 8 , at a flow rate of 1200 mL/min of hydrogen and 1500 mL/min of air, the potentials of the six-cell stack were around 5.0 V and 5.5 V at 650 °C and 700 °C, respectively. This indicates that the potentials of each unit cell were about 0.83 V and 0.92 V at 650 °C and 700 °C, respectively, which are comparable with those of the single cell test. 
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Conclusions
In this study, we reported an improvement in the 2D SOFC stack. The stack with six 6 × 6 cm 2 cells (5 × 5 cm 2 effective area) was successfully operated. The stack design connects six cells in series. The maximum potential of the six-cell stack was around 5.5 V (0.92 V per unit cell) at 700 • C. The maximum output power of the stack was 6.0 W at 700 • C. The results showed that a six-cell 2D SOFC stack can be innovatively constructed. The power of the stack is not high, possibly due to the inconsistency of the cells fabricated manually in the laboratory. The cells were manually fabricated using available commercial materials. This effected the cell performance.
In future work, we will improve the cell fabrication in order to manufacture better quality cells. All the six cells in the current six-cell 2D stack design will also be connected in parallel to form a large single cell, equivalent to a 12 × 18 cm 2 unit cell. 
